Introduction
Arginine vasopressin (AVP) 1 is a hormone that controls serum osmolality by altering renal clearance of free water (1, 2) and is derived from a precursor protein that is synthesized in the magnocellular neurons of the hypothalamus. PreproAVP is converted to proAVP by removal of its signal peptide and the addition of carbohydrate side chains. Additional posttranslational processing occurs within neurosecretory vesicles during transport to axon terminals in the posterior pituitary, yielding AVP, neurophysin (NP), and glycoprotein (3) . The AVP gene is located on chromosome 20 (4) , and consists of 3 exons. Exon 1 encodes the signal peptide, AVP, and the aminoterminal region of NP. Exon 2 gives rise to the central region of NP, and exon 3 contains the carboxyterminal region of NP and glycoprotein (5) .
Familial neurohypophyseal diabetes insipidus (FNDI) is caused by mutations in the AVP gene (6) . The disorder is transmitted in an autosomal dominant manner, and typically presents in early childhood, apparently reflecting the progressive loss of AVP secretion in response to increased serum osmolality (7, 8) . Numerous mutations within the AVP gene have been identified recently in patients with FNDI (6, (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) . The mutations are distributed throughout the precursor protein, and include missense mutations within the signal sequence (10, 12, 13, 17) , the AVP peptide (17a), and the NP domain (6, 9, 11, (14) (15) (16) 18 ). In addition, nonsense mutations have been reported within the NP domain that result in a truncated version of the precursor protein (15, 16) .
The mechanism by which these AVP gene mutations cause FNDI is unknown, and the autosomal dominant inheritance of the disorder is particularly intriguing. Autopsy studies in patients with FNDI have suggested a paucity of AVP-producing neurons in the hypothalamus (19) (20) (21) , and this has led to the suggestion that the mutations exert a cytotoxic effect. Consistent with the loss of AVP neurons, some patients with FNDI lack the characteristic bright spot on magnetic resonance imaging of the posterior pituitary (17).
In a previous study using an in vitro translation system, we found that a mutation in the signal sequence (Ala to Thr at amino acid Ϫ 1, A( Ϫ 1)T) caused inefficient cleavage of the signal peptide (10) . In this study, several mutant AVP genes were stably expressed in neuro2A neuroblastoma cells (22) that have been shown to process hormone precursors into authentic maturation products (23) (24) (25) . Cell lines expressing mutant AVP genes exhibited impaired intracellular trafficking of AVP precursors and reduced viability. The accumulation of mutant AVP precursors in the endoplasmic reticulum (ER) provides a potential cause of neuronal cell death in patients with FNDI.
Methods
Plasmid constructions. Mutations analyzed in this study include G57S (6), A( Ϫ 1)T (10), ⌬ E47 (11), and C67X (15) (see Fig. 1 A ) . Mutant cDNAs for these mutations were synthesized from the human wild-type AVP cDNA (10) by the PCR as described previously (6) . After mutagenesis, the entire cDNA sequence was verified by the dideoxy-mediated chain termination method (26) . The sizes of G57S, A( Ϫ 1)T and ⌬ E47 cDNAs are 600 bp, whereas the C67X cDNA is smaller (400 bp), because it does not contain the DNA sequence en-coding the region after the stop codon. These cDNAs, along with the control, chloramphenicol acetyltransferase ( CAT ), were subcloned into the pRc/RSV vector that also contains the neomycin resistance gene (Invitrogen Corp., San Diego, CA).
Cell culture and transfection. Neuro2A cells were obtained from the American Type Culture Collection (CCL 131; Rockville, MD) and were grown in MEM supplemented with 10% FBS in a 5% CO 2 atmosphere at 37 Њ C. Cells were transfected by using Transfectam (Promega Corp., Madison, WI) according to the instructions of the manufacturer. Cells were selected in media containing 0.3 mg/ml G418 (GIBCO BRL, Gaithersburg, MD) for 2 wk. Stable clones were isolated, expanded, and tested for the production of AVP precursors or CAT proteins. After selection, the concentration of G418 in the medium was reduced to 0.2 mg/ml. In some experiments, cells were treated with 1 mM valproic acid (VPA) (Sigma Chemical Co., St. Louis, MO) to induce differentiation.
Northern blot analyses. Total RNA was isolated from stable clones using an RNA extraction kit (Qiagen, Chatsworth, CA). Total RNA (10 g) was subjected to agarose gel electrophoresis and transferred to Hybond N ϩ membranes (Amersham Corp., Arlington Heights, IL). A full length 600 bp human AVP cDNA was radiolabeled using the Prime-it random primer labeling kit (Stratagene Inc., La Jolla, CA). The membrane was hybridized with 32 P-labeled probe in a rapid hybridization buffer (Amersham Corp.) followed by washing and autoradiography.
CAT assays and Western blot analyses. The CAT activity in stably transfected, G418-resistant clones, was determined using the CAT enzyme assay system (Promega Corp.). Cell extracts were incubated in a reaction mix containing 14 C-chloramphenicol (ICN Biochemicals Inc., Irvine, CA) and n -butyryl coenzyme A. The reaction was extracted with xylene and the organic phase containing n -butyryl chroramphenicol was quantified using a scintillation counter. For detection of CAT protein on Western blots, cell extracts were subjected to 10% SDS-polyacrylamide gel electrophoresis. Separated proteins were electrotransferred to Hybond ECL (Amersham Corp.). Membranes were blocked in 3% skim milk, probed with anti-CAT digoxigenin (10 g/ml) and incubated with antidigoxigenin Fab fragment conjugated to peroxidase (300 mU/ml) (Boehringer Mannheim Biochemicals, Indianapolis, IN). Subsequently, proteins were detected using the enhanced chemiluminescence detection system (Amersham Corp.).
Metabolic labeling and pulse-chase analyses. For continuous labeling, cells (2 ϫ 10 5 ) plated in 6-well plates were incubated for 18 h in 1 ml of MEM containing 100 Ci of Expre S-cysteine) (Dupont-NEN, Boston, MA). The culture medium was harvested and cells were lysed in 1 ml of buffer A (50 mM Tris pH 8.0, 0.5% deoxycholic acid, 150 mM NaCl, 1% Triton X-100, 0.1% SDS, 1 mM phenylmethylsulfonyl fluoride, 1 g/ml aprotinin, 1 g/ml leupeptin, 1 g/ml pepstatin A). To the culture medium, 1 ml of 2 ϫ buffer A was added. Polyclonal anti-AVP (2.5 l) or NP (2.5 l) antibody (ICN Biochemicals Inc.) and protein A agarose (20 l) (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) were added to 1 ml of the culture medium and 0.5 ml of cell lysates. After extensive washing, whole immunoprecipitates were boiled in SDS sample buffer and separated using 16.5% SDS-polyacrylamide gels. Gels were analyzed using a phosphorimager (Fuji, Stamford, CT). For pulse-chase analyses, cells (2 ϫ 10 5 ) plated in 6-well plates were labeled for 0.5 h with 100 Ci of Expre 35 
S

35
S protein labeling mix in 0.5 ml of methionine-and cysteine-free MEM and chased using 1 ml of complete MEM. In some experiments, immunoprecipitates were treated with endoglycosidase H (Endo H) according to the manufacturer's instructions (New England BioLabs, Beverly, MA).
Measurement of AVP immunoreactivity. Stably transfected cells (2 ϫ 10 5 ) were plated in 6-well plates. 2 d later, cells were washed with PBS and fed with 2 ml of MEM. 24 h later, the culture medium was harvested. After washing, cells were lysed and the protein concentration of cell lysates was determined by the Bradford protein assay (Bio-Rad, Hercules, CA). The AVP immunoreactivity in the medium was measured using a radioimmunoassay kit (AVP-RIA kit; Mitsubishi Petrochemical Co. Ltd., Tokyo, Japan).
Cell growth and apoptosis assays. The number of viable cells in 96-well plates was determined using the Celltiter 96 aqueous nonradioactive cell proliferation assay (Promega Corp.). The assay consists of a tetrazolium compound (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt [MTS] ) and an electron coupling reagent (phenazine methosulfate; PMS). MTS is bioreduced by dehydrogenase enzymes present in metabolically active cells and produces a formazan that is soluble in culture medium. The combined MTS/PMS solution (20 l) was added to 100 l of the culture medium in each well. After 5 h at 37 Њ C in a humidified 5% CO 2 atmosphere, the absorbance of the formazan at 490 nm and the absorbance at 630 nm was recorded using an ELISA plate reader (Bio-Tek, Winooski, VT). For DNA fragmentation analyses, genomic DNA was extracted from cells and analyzed on a 1.5% agarose gel. DNA was stained with ethidium bromide and visualized under ultraviolet light. For TUNEL (terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick-end-labeling) assays, cells were plated on 8-well chamber slides and tested for the presence of apoptotic cells using the apoptosis detection system (Promega Corp.). This system detects fragmented DNA in apoptotic cells by catalytically incorporating fluorescein-12-dUTP at the 3 Ј -OH DNA ends using TdT. After the TUNEL reaction, the fluorescein-12-dUTP labeled DNA was visualized by fluorescence microscopy.
Indirect immunofluorescence studies. Cells were grown on 8-well chamber slides and fixed with 4% paraformaldehyde in 0.01 M PBS for 15 min. Permeabilization was performed by incubating the cells for 30 min in PBS containing 5% preimmune goat serum and 0.1% Triton X-100. Cells were then incubated with primary antibody in PBS containing 3% BSA. The primary antibodies used were anti-NP antibody (diluted 1:250) or anti-KDEL antibody (1 g/ml) (Affinity Bioreagents, Golden, CO). After washing, cells were incubated with fluorescein-conjugated secondary antibody against rabbit IgG (diluted 1:1000) (Pierce, Rockford, IL) in PBS containing 3% BSA. After washing, cells were visualized and photographed using a fluorescence microscope (Carl Zeiss, Thornwood, NY).
Results
Identification of stably transfected neuro2A cell lines expressing AVP mutants. Wild-type (WT) or several different naturally occurring AVP mutants (G57S [6] , A( Ϫ 1)T [10] , ⌬ E47 [11] , C67X [15] ) ( Fig. 1 A ) were stably transfected into neuro2A cells. As a control, CAT cDNA was transfected in parallel with the AVP constructs. After selection in G418, individual clonal cell lines for each construct were characterized for expression of AVP precursors or CAT protein. As shown in Fig. 2 A , selected cell lines expressed similar levels of AVP mRNA. The WT, G57S, A( Ϫ 1)T, and ⌬ E47 each expressed a 0.6-kb transcript, and the C67X mutant expressed a 0.4-kb transcript, consistent with the cDNA size in the expression vector. No AVP mRNA was detected in cells expressing CAT protein, confirming that there is no endogenous AVP production in this cell line.
Cell lines were also characterized for protein expression. Stable clones expressing CAT proteins were identified using CAT assays, and Western blot studies confirmed expression of the 26-kD CAT protein (data not shown). Analyses of AVP precursors were performed by immunoprecipitation of metabolically labeled proteins. Cell lines were labeled continuously and extracts were subjected to immunoprecipitation using an anti-NP antibody. Similar amounts of the expected 21-kD AVP precursor protein (10) were found in each of the selected cell lines stably transfected with WT, G57S, A( Ϫ 1)T, and ⌬ E47 cDNAs (Fig. 2 B ) . The C67X mutation results in premature termination and an elimination of 5 out of 14 cysteine residues within the NP domain (27) (Fig. 1 B ) . In this cell line, the anti-NP antibody immunoprecipitated a 9-kD protein, which likely corresponds to a prematurely terminated precursor with the signal peptide removed (78 amino acids). The level of expression of the truncated protein cannot be compared directly with the other mutants because the number of radiolabeled amino acids is reduced, and the efficiency of immunoprecipitation may be altered.
The amount of immunoreactive AVP secreted into the medium is shown in Fig. 2 Cytotoxicity of AVP mutants. Since FNDI has been hypothesized to involve progressive loss of AVP-producing magnocellular neurons, the effects of the expressed mutants on cell viability was examined. Initial studies showed that the growth rate of stably transfected neuro2A cells was unaffected by expression of either WT or mutant AVP genes (data not shown). Neuro2A cell lines were also treated with VPA to induce differentiation and to more closely mimic the features of postmitotic neurons (28) . VPA is known to inhibit the cell cycle in the G1 phase, at a point 6-6.5 h before S phase (29) . Cells were treated with 1 mM VPA for 6 wk, and the number of viable cells was determined once a week using the MTS assay. Treatment with VPA did not alter the pattern of labeled AVP proteins in cells and the medium (data not shown). As shown in Fig. 3 , the cell number in the lines expressing WT or CAT was unchanged over the 6-wk period of study. These findings confirm that VPA is cytostatic and demonstrate that overexpression of normal AVP precursor or CAT protein is not toxic. In contrast, viability was reduced in each of cell lines expressing the mutant AVP genes. Cell loss was most prominent with the C67X mutant. Only ‫ف‬ 50% cells were viable after 1 wk and nearly all cells were lost by 3 wk of treatment. The viability of the cell lines expressing the other mutants was variable. After 5 wk, the rank order of cell loss was C67X Ͼ A( Ϫ 1)T Ͼ G57S Ͼ ⌬ E47.
The mechanism of cell death was investigated to determine whether cytotoxicity reflected necrosis or apoptosis. Light microscopic analysis of cells expressing the mutant AVP precursors did not show the morphological characteristics of cells undergoing apoptosis (data not shown) (30) . In addition, there was no evidence for distinct DNA laddering or detection of fragmented DNA in individual cells using the in situ TUNEL assay (data not shown) (31). As a positive control, treatment of cells with DNase I demonstrated strong nuclear fluorescence. These results suggest that the toxic effects of mutant AVP protein in neuro2A cells involve a necrotic, rather than an apoptotic mechanism.
Posttranslational processing and intracellular trafficking of WT and mutant AVP precursors in neuro2A cells. The observation that mutant AVP proteins are cytotoxic suggested the possibility that the posttranslational processing or intracellular trafficking of the proteins might be altered. Posttranslational processing was initially evaluated by performing immunoprecipitation of metabolically labeled proteins. Cell lines expressing WT or mutant AVP proteins were labeled continuously, and cell extracts and medium were harvested. Using the anti-NP antibody, the WT cell extracts were shown to express 21-kD precursor protein as well as 12-and 11-kD proteins (Fig. 4  A ) . The size of the precursor proteins was increased in the medium (major 22-kD and minor 23-and 24-kD proteins) relative to those in cell extracts. In the medium, the amount of 12-kD protein was increased relative to the 11-kD protein, which was predominant in the extracts. None of these proteins were detected in the control cells expressing CAT. To demonstrate which bands also contained the AVP peptide, an anti-AVP antibody was used (Fig. 4 B ) . Each of the precursor forms that were detected with the anti-NP antibody were also immunoprecipitated by the anti-AVP antibody. Although the 12-kD protein was recognized by anti-AVP antibody, the 11-kD protein was not, indicating that the 12-kD protein is an intermediate form that contains both the AVP and NP domains, whereas the 11-kD protein contains NP (Fig. 5 A ) . The cleaved AVP peptide is too small (1 kD) to be detected in these assays. To characterize the intracellular trafficking of precursors, immunoprecipitates were treated with Endo H. The N -linked oli- gosaccharides of glycoproteins are sensitive to Endo H while they are in the ER or in the early cis portions of the Golgi. When mannose residues of the oligosaccharides are cleaved in the medial Golgi, the glycoproteins become Endo H resistant, allowing the pattern of Endo H sensitivity to be used to monitor subcellular trafficking of newly synthesized glycoproteins through the ER and Golgi apparatus (32, 33) . Using this approach, the intracellular 21-kD WT precursor was found to be Endo H sensitive, yielding a 17-kD digested product (Fig. 4 C) . In contrast, the precursors in the medium (22-24 kD) were resistant to the Endo H digestion, consistent with the addition of carbohydrate side chains in the Golgi apparatus. Little or no Endo H-resistant precursors were detected in cells, suggesting that terminally glycosylated precursors in the Golgi apparatus are rapidly exported into the medium or undergo further processings. As expected, the more fully processed forms (12 and 11 kD) are Endo H resistant. To further evaluate the kinetics of conversion of AVP precursors into more fully processed forms, pulse-chase analyses were performed (Fig. 5 B) . Most of the WT precursor were secreted into the medium upon glycosylation in the Golgi apparatus. However, a small fraction underwent proteolytic cleavage to the 12-kD intermediate form, which was secreted by constitutive pathway. In contrast, further cleavage to AVP and 11-kD NP resulted in secretion of only a small amount of the 11-kD NP, suggesting that it is selectively stored in cells (Fig. 5 A) .
In the case of the G57S and ⌬E47 mutants, continuous labeling showed a marked reduction in the amount of precursors in the medium, and the 12-and 11-kD forms were reduced in cells and the medium compared with WT (Fig. 4 A) . The A(Ϫ1)T signal peptide mutation showed less production of these proteins compared with the WT. The relative abundance of these proteins varied among the different mutants (A(Ϫ1)T Ͼ G57S Ͼ ⌬E47). The C67X truncation mutation resulted in an atypical 9-kD product which was also immunoprecipitated by anti-AVP antibody (Fig. 4 B) , but there was little immunoreactive protein in the medium. The effects of Endo H were similar for WT and mutant (G57S, A(Ϫ1)T, ⌬E47) AVP precursor proteins (Fig. 4 C) . Because glycosylation of precursors in the Golgi apparatus appears to result in rapid secretion into the medium, this finding suggests that mutant 21-kD precursors are not transported to the Golgi apparatus as effectively as the WT precursor. Pulse-chase studies revealed that mutant AVP precursors are processed and secreted less efficiently than the WT precursors (Fig. 5 B) . This was most pronounced with the G57S, ⌬E47, and C67X mutants. In the case of the A(Ϫ1)T signal peptide mutant, there was more secretion of precursors and the 12-and 11-kD forms into the medium compared with the other mutants. In addition, an aberrant 23-kD protein was also detected in cells during the first 2 h after labeling (Fig. 5 B, arrow) . As depicted in Fig. 5 A, this may correspond to a glycosylated precursor which retains the Fig. 2 B) and medium (M) were subjected to immunoprecipitation using anti-NP antibody and proteins were analyzed by SDS-PAGE and autoradiography. The positions of the various proteins are indicated. (B) The WT and C67X clones were continuously labeled and immunoprecipitation was performed using either anti-NP or AVP antibody. (C) Cell extracts and medium were subjected to immunoprecipitation using anti-NP antibody and the precipitated proteins were treated without or with Endo H to remove carbohydrates. signal peptide (10) . Taken together, it is suggested that the intracellular trafficking of mutant AVP precursors from the ER to the Golgi apparatus is impaired, resulting in diminished processing of the precursor and AVP production.
Mutant precursors accumulate within the endoplasmic reticulum. Indirect immunofluorescence staining was used for cellular localization of AVP proteins. Using the anti-NP antibody, cells expressing the WT or the various mutant forms showed diffuse cytoplasmic staining which was not detected in cells expressing the control CAT protein (data not shown).
However, the WT also showed enhanced staining at the tips of cellular processes, and this was absent or less pronounced with the mutants (data not shown).
Immunofluorescence study was also performed after treatment of cells with VPA for 1 wk (Fig. 6 ). Under these conditions, the cell line expressing the WT showed intense fluorescence in the tips of processes (Fig. 6 A) . In contrast to the WT, each of the cell lines expressing mutant forms exhibited a large amount of punctate intracellular staining (Fig. 6, B-E) . The accumulation of these intracellular aggregates varied, but was the most prominent in the C67X clone. There was diminished staining in the terminal processes with mutants G57S, ⌬E47, and C67X. Although less intense than with the WT, the A(Ϫ1)T mutant produced moderate staining in terminal processes (Fig.  6 C) , consistent with greater production of NP molecules than with the other mutants. An anti-KDEL antibody, which recognizes the ER retention signal (Lys(K)-Asp(D)-Glu(E)-Leu(L)) that is present at the carboxyterminus of ER resident proteins, also demonstrated diffuse cytoplasmic staining (Fig. 6 F) .
Discussion
Several mechanisms might account for dominant mode of inheritance of FNDI. It is unlikely that the disorder results from loss of function of one of the two AVP genes. In this circumstance, one might expect diminished AVP reserve in response to hyperosmotic stimuli, but it is unclear why this would cause progressive loss of function over time (13) . In some dominant disorders, the pathophysiology involves the formation of inactive heterodimers (34) . It is possible that WT and mutant proteins could interact with one another. The AVP peptide is known to bind to a pocket in NP (35) , and the NP molecules have been shown to self-associate to form oligomer complexes (36, 37) . Mutant AVP precursors, once bound to the normal precursors, could therefore form aggregates and impair the production of AVP from the normal allele. At present, there is no evidence to support such a model for mutant precursor action. The mechanism of FNDI has also been speculated to involve neuronal toxicity. Several lines of evidence support this idea. First, the clinical onset of the disease is delayed, and is progressive during early childhood (13) . Thus, it appears that some children with FNDI are born with normally functioning AVP-producing neurons, but lose this activity over time. Second, in vivo imaging studies (17), and autopsy studies (19) (20) (21) are consistent with selective loss of AVP neurons and their axonal extensions into the neurohypophysis. Third, the A(Ϫ1)T signal peptide mutation resulted in an abnormally processed precursor protein in vitro (10) , which was postulated to be accumulated within the ER and cytotoxic. In this study, we found that each of the four different AVP mutants studied caused reduced cell viability when studied in neuro2A cells (Fig. 3) . In addition, we examined the hypothesis that the mutant forms of AVP precursors are accumulated within the ER, providing a potential mechanism for cell toxicity.
Neuro2A cells were chosen for this study because they are of neuronal origin and because it is possible to induce differentiation by treatment with VPA. Analogous studies were also attempted in human teratocarcinoma cell line, NT2 cells, which can be differentiated into postmitotic neurons by retinoic acid, but stably transfected clones were not isolated despite several attempts (data not shown). The level of expression of the WT and mutant AVP genes in the neuro2A cells was matched as closely as possible in the different clonal isolates. Clones were selected initially based upon the levels of AVP mRNA expression (Fig. 2 A) . Although the amounts of metabolically labeled precursor protein were similar (except for the truncated protein C67X) (Fig. 2 B) , there was diminished secretion of immunoreactive AVP in each of the mutant clones (Fig. 2 C) . As shown by metabolic labeling (Figs. 4 and 5 B) , the diminished secretion likely reflects defective intracellular trafficking of precursors to the Golgi apparatus.
Although expression of the mutants caused little or no alteration in the viability of rapidly proliferating neuro2A cells, inhibition of mitosis and induction of differentiation by treatment with VPA allowed demonstration of the toxic effects of AVP precursor mutants (Fig. 3) . It is notable that cytotoxicity was relatively slow in onset and varied among the different mutants (C67X Ͼ A(Ϫ1)T Ͼ G57S Ͼ ⌬E47). As shown by immunofluorescence staining with the anti-NP antibody, VPA treatment was accompanied by punctate intracellular staining (Fig. 6) . The accumulated immunoreactive NP proteins were colocalized with the ER resident proteins that were detected with an anti-KDEL antibody. The pattern of punctate staining was specific for the AVP mutants, although the abundance varied among the different mutants (C67X Ͼ G57S Ͼ A(Ϫ1)T Ͼ ⌬E47). In contrast, the VPA-treated WT clone exhibited diffuse staining throughout the cytoplasm and lacked the punctate staining in the ER region.
The ⌬E47 mutant precursors appear to be entirely arrested within the ER (Figs. 2 C, 4 A, and 5 B) . However, both the punctate staining and cytotoxicity with the ⌬E47 mutant were less than those seen with the other mutants. Most of unfolded or incompletely folded proteins that are retained within the ER are subjected to degradation by a nonlysosomal proteolytic pathway. The ⌬E47 mutant precursors may be readily degraded by this system thereby precluding accumulation of the precursors within the ER, resulting in less profound cytotoxicity. It appears that cell survival depends on how effectively cells are able to degrade unfolded or incompletely folded proteins. The more the degradation-resistant proteins are retained within the ER, the more profound the cytotoxic effect. It would be interesting to examine whether there is a correlation between the effects of different mutations on cell viability and the severity or rate of onset of diabetes insipidus, but this will require more thorough evaluation of clinical phenotypes.
The phenomenon of cytotoxicity caused by the accumulation of mutant precursors has been proposed previously for other genetic disorders. Other examples of autosomal dominant hormone deficiency syndromes include mutations in growth hormone (38) and in the signal sequence of parathyroid hormone (39) . In each of these cases, accumulation and toxicity of the mutant hormone has been speculated to lead to cellular toxicity.
The model of ␣1-antitrypsin deficiency has been studied extensively. The PiZ variant of human ␣1-antitrypsin is associated with decreased levels of the protein in sera as a result of retention within hepatocytes (40) . The variant form is retained within the ER in patients with the disease, and in PiZ-bearing transgenic mice (41, 42) . Although most of the PiZ variant is degraded (43) , the reminder aggregates to form insoluble inclusions that are resistant to degradation and accumulate gradually within the distended cisternae of the ER (44) . The degree of liver damage correlates with the amount of the PiZ variant in different pedigrees of mice (42) . In some forms of Alzheimer's disease, amyloid ␤ protein is responsible for the neurodegeneration, and the formation of amyloid aggregates has been proposed to cause neurotoxicity (45, 46) .
In summary, we have provided evidence that mutant AVP precursors induce neuronal cell death as a result of their accumulation within the ER, suggesting that the pathogenesis of FNDI may be caused by cytotoxicity of mutant precursors. This hypothesis could account for the delayed onset and autosomal dominant mode of inheritance of the disease. Future studies in transgenic models should allow the molecular mechanisms of defective intracellular trafficking and cytotoxicity to be examined further in vivo.
